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Fetal Alcohol Syndrome
Fetal alcohol effects Behavioral teratology Neuropsychology Memory Latent variables Birth defects Pregnancy outcome Alcohol teratogenesis Partial Least Squares Longitudinal research THIS is the third in a three-part series of papers on the 7-year sequelae of prenatal alcohol exposure in a population-based cohort of moderately-exposed children. The first paper (38) reviews the literature on alcohol teratogenesis and presents the rationale, procedures, and distributions of scores for individual tests. The second paper (30) introduces a relatively new statistical methodology (Partial Least Squares--PLS) that is particularly well suited to the richly multivariate data sets generated by human behavioral teratology studies. That paper goes on to analyze data from standardized IQ and achievement tests, classroom behavior ratings, and a laboratory attention task. In this third paper, we use the PLS methodology to analyze an even more complex set of neurobehavioral outcomes, deriving from a large group of neuropsychologic tests, in order to delineate specific patterns of deficit associated with prenatal alcohol exposure.
Neuropsychologic tests are designed to pick up specialized patterns of brain dysfunction even in the presence of normal overall intellectual ability. Traditional batteries of neuropsychologic tests have been developed to characterize the functional deficits associated with specific types of brain-impairing disease processes and head injuries. To our knowledge, there are no existing batteries of neuropsychologic tests designed or used for human behavioral teratology studies, such as this one, for which the goal is to assess the long-term effects of a specific prenatal insult (in this case, alcohol) to the developing brain. Therefore, we assembled a group of tests which we thought would be sensitive markers of prenatal alcohol exposure in the school-age child. As described in Part I (38) , decisions about tests to include were based on our clinical experience with neuropsychoiogic testing of children with Fetal Alcohol Syndrome (FAS), those most severely affected by alcohol teratogenesis (34) . We predicted that we might find neurobehavioral effects in children of social-drinking mothers
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similar to, but more subtle than, the severe deficits observed in children with FAS (whose mothers are generally alcoholics).
Our analyses address three basic questions: 1. What patterns of alcohol exposure best explain these neurobehavioral outcomes in 7-year-old children? 2. What patterns of these neurobehavioral outcomes are explained by prenatal alcohol exposure? 3. What relevant covariates, both prenatal and postnatal, modify these associations?
In order to address these questions, we needed a rich and diverse group of neuropsychologic measures and a statistical method capable of handling such an indirect, yet redundant, multivariate data set. Keeping in mind our clinical experience with children with FAS, we cast a broad net of neuropsychologic tests because animal models of alcohol teratogenesis have shown a wide range of effects on brain growth and development (24, 48) , and because primate research has shown high variability across individuals in the neurobehavioral response to standard binge doses of alcohol during gestation. In one recent primate study (6) , although no single test picked out all the exposed animals, all exposed animals were identified on at least one test. Our analysis emphasizes individual scores from a broad group of neuropsychologic tests rather than summary scores. The subsumption of the individual measures in summaries specified a priori, even if appropriate to the diverse populations on which scale development was based, could interfere with our intuition to uncover the particular channels of cognitive deficit associated with specific types and conditions of gestational alcohol exposure. The group of 164 tests on which we settled has been described in Part I of this trilogy (38) . There we describe the actual test scores used for analysis, their distribution statistics, and their separate associations with a dichotomous alcohol score and with IQ.
This rich diversity of outcomes would be difficult to handle by traditional multivariate statistical methods. We have adapted a novel statistical procedure, Partial Least Squares (PLS), in order to summarize the relations linking the set of all the alcohol measures to diverse sets (blocks) of outcomes. A PLS analysis combines the alcohol scores into one exposure pattern and combines a set of outcomes into one profile of deficits best explained by the exposure pattern. The exposure pattern and corresponding profile of deficits are viewed as "'latent variables" underlying the alcohol scores and the outcomes, respectively. The measure of explanatory power is not the usual R 2 of a multiple regression model, but a more inclusive summary of the pattern of correlation between all the alcohol measures and all the outcomes. This PLS methodology is fully described in Part II of this trilogy. There we demonstrated its utility using 43 scores sampling aspects of four outcome blocks--intelligence, achievement, attention and classroom behavior (30) . In the present paper, we use PLS for data reduction and analysis of an even more complex set of neuropsychologic tests, comprising 164 scores in 8 separate blocks of related measures.
METHOD
Data in this paper derive from the Seattle Longitudinal Prospective Study on Alcohol and Pregnancy, which was described in detail in Part I (38) . A cohort of approximately 500 children was selected at birth according to maternal drinking histories obtained at midpregnancy. The mothers in this population-based study were predominantly white, married, and middle-class, and their reported drinking levels were predominantly moderate. Gestational alcohol exposure was expressed in terms of 13 scores reflecting consumption during two time periods: prior to pregnancy recognition (P) and during midpregnancy (D). Table 2 of Part I presents a full description of these 13 variables, and Table 3 of Part I lists their intercorrelations.
The cohort tested at the 71/2-year follow-up included 486 children. Because some tests were added or modified after the testing had begun, not all tests were administered to all children. As latent variables cannot be easily computed with data sets having different sample sizes for different variables, we constructed a data set from 384 subjects who had nearly complete data on all 164 outcome variables. The 102 subjects eliminated were mainly those lacking the CMT (Children's Memory Test) blocks. Within the reduced cohort of 384 subjects, a few missing data were due to changes in the battery or in the examiner instructions; mean values were substituted. Our findings are based on correlations over this set of 384 subjects. Six of the 164 variables show no variation on this subset of 384, reducing the count of outcomes analyzed to 158.
In order to assess possible bias owing to missing data, we computed a second correlation matrix using the largest possible sample size for each pair of variables. (Such a correlation matrix is not necessarily positive-definite, but that is not necessary for the PLS analyses we carried out.) The ordering and magnitude of the saliences (latent variable coefficients) in the many two-block analyses to be reported below differ very little from those derived from the common data set of 384 subjects. We therefore settled upon these 384 subjects as a basis for all further analyses.
Other exposures, covariates, and intervening variables measured pre-and postnatally were considered as relevant predictors for the outcome neurobehavioral latent variables. The selection of these important additional predictor variables is described in Part I (38) . From a group of approximately 150 candidates, those covariates selected for analysis in the present paper include other prenatal exposures (nicotine, caffeine, marijuana, aspirin and antibiotics); parental characteristics (paternal and maternal education, maternal age, race, parity and prenatal nutrition); and child characteristics (sex, age and grade at testing). Covariates measured postnatally include marital status (at birth and at 7 years), socioeconomic status, parental status (whether biologic, foster or surrogate parents are at home, parental employment), breast feeding and child nutritional intake, the numbers of children in the household who are less than and greater than 5 years of age, and preschool and/or private school experience.
DATA ANALYSIS: LATENT VARIABLES AND PARTIAL LEAST SQUARES
Our approach to statistical analysis of the effects of alcohol upon behavior is that of Herman Wold's Partial Least Squares (51), as described in Part II (30) of this series. Specific outcome variables are treated as "indicators" of underlying "'latent variables" (LV's), or factors, which are the unobserved consequences of the net alcohol dose to the fetus. That dose, in turn, is measured only indirectly by each of our 13 alcohol measures.
At the outset, outcome variables are accumulated into "blocks," specialized lists of indicators sharing a common characteristic. These blocks may derive from the same neuropsychologic test, share an apparent cognitive channel of interest, or represent similar subject behaviors under different conditions. The initial structuring of the blocks is on the basis of face validity. The 158 neuropsychological scores studied here were initially assembled into the eight blocks described in Table 5 of Part 1 (38) . Although each block may have a strong factor structure of its own, this is neither the concern of the PLS analysis nor a factor of its success or failure.
The analysis following this organization of outcomes into blocks may be summarized in terms of three steps. First, the association of each of the eight individual blocks with alcohol exposure was analyzed in terms of PLS latent variable models. Second, after noting that the primary alcohol effect (or, alcohol latent variable) was defined similarly in seven of the eight two-block analyses, we proceeded to consider a unitary effect of alcohol across all the outcome blocks by carrying out a comprehensive two-block analysis relating the alcohol scores to the set of all 158 outcomes. At this step we carried out "bootstrap" analyses to assess the precision of our latent variable estimates. Finally, we assessed the extent to which the latent variable correlations computed could be ascribed to joint relations with a set of pre-and postnatal covariates. In a two-block analysis our goal is to determine whether the matrix of cross-correlations relating the outcome block items to the alcohol items is adequately described by correlations of a single "alcohol latent variable" with a single "neurobehavioral outcome latent variable." To the extent that this is the case, we declare the relationship between alcohol and outcomes to be essentially one-dimensional, and report the dependence of the outcome block upon alcohol in terms of that single underlying correlation, together with the coefficients of the latent variables. These coefficients, which we refer to as "saliences," are correlations of the items of each block, separately, with the (other) latent variable that either predicts them or is predicted by them. If there is evidence that the alcohol-outcome relationship is multidimensional (as explained below) we proceed to interpret the coefficients for a second pair of latent variables. This method of analysis in terms of latent variables differs substantially from the more common approaches of relating a block of variables to one single outcome via multiple regression or to a block of outcomes using canonical correlation analysis or structural equations modeling. For further explanation and comparisons, see Part II of this series (30) .
The analyses here, as in Part II, are based on transformed alcohol scores determined so that the transformed scores relate approximately linearly to the outcome latent variable. (Equivalently, they are chosen to optimize the correlation with the outcome latent variable subject to certain constraints of "smoothness" and monotonicity.) The transformations are pictured in Fig. 1 . Details of the method are explained in (31) . Because these alcohol scores were computed for the comprehensive two-block analysis of the 13 alcohol scores against all 158 outcomes, they are not identical to those used in Part II (which were determined to predict a separate set of 43 outcomes). They are, however, quite similar to those shown in Figure 1 of Part II (30) except for the cases of AAD and MOCCD. As in Part II, the case with the most extreme alcohol outlier (AAP>25) was dropped because of its relatively large influence on the results (higher estimated associations of alcohol and outcome).
Our interpretation of a two-block analysis is based largely on a pair of statistics provided in the boxes in Appendix Tables A I-A8. For a p × q cross-correlation matrix, p<q, we can compute p pairs of (orthogonal) latent variables. The sum of the squares of the p covariances for these latent variable pairs is equal to the sum of the squares of all p × q cross-correlations (see Part I1 (30) , Appendix). Thus, the ratio of the squared covariance for the first latent variable pair (LV1) to the total sum of squared correlations is a measure of "explained squared correlation" between the blocks. It provides an informal basis for an assessment of whether or not the relationship(s) between the blocks is well represented using latent variables. (A more formal assessment of structure, reserved for the comprehensive two-block analysis, utilizes bootstrap estimates of coefficient standard errors.) In general we expect better summarization of cross-correlation by latent variables underlying small blocks. We judged the 55 percent of squared correlation explained for the "Magnitude of Dominance" block of four variables too small to warrant interpretation in terms of LVs. The other seven outcome blocks had first LV pairs explaining at least 64% of the squared cross-correlation.
After an assessment of latent variable structure we consider the magnitude of the latent variable correlations (alcohol by each outcome block) as a measure of the strength of the relationship. (It would be possible to have a high correlation based on a single strong element in the cross-correlation matrix, without having a "good" LV structure.) Thus, to interpret a two-block analysis we require both good latent variable structure (high percent of squared correlation explained) and a "reasonable" latent variable correlation. These correlations range from . 131 to .289 for the seven two-block relationships with interpretable latent variable structure.
We also examine each two-block relationship for additional dimensions that might be interpretable, i.e., second latent variable pairs (LV2). Our experience with this data set has led us to proceed as follows: if the explained squared correlation is less than 80% for LVI and at least 10% for LV2, we assess whether the second (and subsequent) latent variable pairs explain a "significant" fraction of the total squared correlations. We claim (informally) that this is the case if these subsequent latent variable pairs have coefficient estimates precise enough to be interpreted. That is, we determine whether two or more of the coefficients defining each latent variable are nominally significant [more than twice their bootstrap standard errors as explained in Part I1 (30) ]. In our study, it is clear that the first LV pairs explain the dominant structure in the correlation matrices; in other data sets, depending on the size of the blocks and how the blocks are constructed, this may not always be the case. Some of the second LV pairs in our analyses meet our informal criteria for interpretation and suggest an additional pattern of alcohol consumption related to factors underlying the neuropsychologic outcomes.
The consistency of the principal (first) Alcohol LV's across the 2-block analyses (with high coefficients emphasizing a binge pattern of drinking and the lowest coefficients emphasizing high frequency patterns) suggests that we concatenate all eight outcome blocks for the comprehensive two-block PLS analysis which is carried out in the same way as the individual two-block analyses. Table 2 provides a summary of this analysis, listing only those outcomes with apparently significant contributions to the principal latent variable pair according to bootstrap standard errors computed from 100 bootstrap replications. The selected outcomes are not those which happen to show a high correlation with some one of the alcohol measures; they are, instead, the variables showing (20) 0.186 72%
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Neuroprycholosic (11) 0.171 67% 7. Namewfiting Speed (4) 0.133 92% the greatest sensitivity to (correlation with) the Alcohol LV whose coefficients are listed in the left-hand column. Precisely those outcomes with relatively highest latent variable coefficients for blocks 1-7 (Tables AI-A7 ) are among the items most weighted in this comprehensive two-block analysis. For this large analysis the estimated latent variable correlation is .319, and 69% of the total of 13 x 158 squared correlations is explained by the covariance between this pair of latent variables.
The second latent variable pair (LV2) for this comprehensive analysis similarly identifies those outcomes with the highest latent variable coefficients in the LV2's reported in Tables A1-A7 . The LV2 correlation appears substantial (.357), but explains only 11% of the squared correlation in the cross-correlation matrix. Only four or five outcomes out of the 158 are clearly identified in this pattern.
As a final step we adjusted the correlation between the first pair of LV's for covariates as in Part II (30) . We began with the same list of fundamental covariates: sex, age, and grade of child; examiner effects; other prenatal exposures (nicotine, caffeine, marijuana, aspirin, and antibiotics); and parental characteristics (paternal and maternal education, maternal age, race, and prenatal nutrition, parity). We then considered covariates measured postnatally and/or reflecting primarily the postnatal environment: marital status (at birth and at seven years), socioeconomic status, whether biological, foster, or surrogate parents are at home, whether parents are employed, breast feeding and child nutritional intake, the numbers of children less than and greater than 5 years of age in the household, and preschool and private school experience. Specific covariates from this list were chosen using an all-subsets-regression procedure applied first to the prenatal covadates and other exposures, then to the postnatal family environment measures. (Missing data on some of these covariates for the 384 subjects of this analysis were filled in with mean values for the corresponding values. The variable with the most missing data was child nutrition, for which 14 values were filled in. No other variable had more than seven missing values for these 384 cases.)
RESULTS
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also associated with an alcohol pattern contrasting measures of binge drinking (primarily ADOCCP and MAXP) with frequent drinking during pregnancy (AAD and MOCCD). However, very few items from the outcome blocks are loaded on this second LV pair. Because this possible second dimension appears difficult to interpret, and explains less than 12% of the total squared correlation in the comprehensive two-block analysis, we do not discuss it further at this time.
The comprehensive two-block analysis sought the underlying alcohol latent variable most associated with a neurobehavioral latent variable underlying the complete set of 158 seven-year neurobehavioral outcomes. The results of this analysis are presented in Table 2 . The Alcohol LV is very similar to the one we observed in most of the two-block analyses, with a strong binge component, particularly in the "P" period. Of the thirteen original alcohol indicators, only AAD and MOCCD failed to persist as significant elements of this single latent variable. We note that the magnitude of the correlation of the Alcohol LV with the Neurobehavioral LV is higher in this comprehensive analysis than in any of the two-block correlations presented in Tables A1-A8 . However, it is not much higher than that based on the CMT Copy Designs block alone, suggesting that additional data do not change this association much once the best blocks of outcomes have been determined.
After consideration of a broad list of possible covariates, as described under Data Analysis, the following were identified as the first covariates to include in the analysis: paternal and maternal education, prenatal aspirin exposure, and the age, grade and sex of the child. Paternal education was the single most important covariate of the outcome latent variable. The correlation between the alcohol and outcome latent variables dropped only slightly, from -.319 to -.291 as a result of these adjustments. The postnatal covariates having nominally significant coefficients for prediction of the resulting adjusted outcome latent variable included number of children greater than 5 years of age in the household and breast feeding. This list is somewhat arbitrary, as it selected from certain highly intercorrelated clusters of alternate environmental measures. The resulting partial correlation between the alcohol and outcome latent variables now increases in magnitude to -.297. This continues to be highly significant according to a conventional multiple regression analysis of the outcome latent variable. Indeed, the Alcohol LV has the most significant regression coefficient in the regression model including all of the pre-and postnatal covariates just noted.
Perceptual motor problems and memory are the two areas most strongly associated with prenatal alcohol exposure. In copying designs, exposed children have more difficulty with the qualitative aspects of performance. They make more reversals and distortions of design elements and produce designs of poor quality and poor integration. The generalization of these problems to their school work is manifested by their greater difficulty in writing their own names. Poorer memory is noted in auditory memory (the Seashore) and in the perceptual memory component of the TPT (Tactual Performance Test). Problems with verbal memory and drawing designs from memory are also noted as correlates of alcohol exposure, along with difficulty in shifting set and in maintaining a flexible problem-solving attitude ( Progressive Figures) . Prenatal alcohol is also associated with distractibility in the testing situation, as determined by Examiner Behavior Ratings.
If we turn now to examine the actual tests that were the most sensitive to alcohol teratogenesis we see that the design copying tasks (CMT Copy Designs), the Seashore Rhythm Test, and the Children's Memory Test were particularly successful. Additionally, several neuropsychologic tests from the Reitan Neuropsychologic Battery for younger children were very good: Progressive Figures, Name Writing, and the TPT. Distractibility from among the Examiner Behavior Ratings was also sensitive to our measures of prenatal alcohol exposure. The diversity of significant findings across the group of tests administered justifies our decision to consider a very wide diversity of outcome measures rather than focusing on one or two well-known tests. Among the five designs of the Children's Memory Test, designs 1,2, 5 and 3 appear to be the most sensitive. For the Verbal Memory components of the CMT, stories 2 and 4 are clearly the best. Furthermore, the qualitative scores (Quality, Reversals, Substitutions, Integration, Sequence, and so forth) were as sensitive indicators as were simple counts of items recalled correctly.
DISCUSSION

Methodologic Reflections
We noted at the outset that the task of examining, organizing and analyzing data on 207 outcome variables (Parts II and III) by 13 alcohol predictors and around 150 potential covariates assessed prospectively from the prenatal period to age 7 years was not a simple one. We agree with Rutter (29) and others who argue that the traditional univariate and multivariate correlational analyses have a variety of shortcomings for large-scale longitudinal child development studies. In this trilogy we hope we have demonstrated the utility of the latent varible modeling technique called Partial Least Squares (PLS). This methodology permits us to detect the basic underlying signal or pattern of associations and substantially reduces the possibility of chance associations and their erroneous interpretation.
Additionally, we touch briefly on the question of statistical vs. clinical significance. In human behavioral teratology studies we examine large groups of exposed and nonexposed offspring and look for small perturbations on neurobehavioral outcomes. Although we may use neuropsychologic tests as outcomes, we do not use them in a traditionally clinical manner to look for individual clinical disability. Population studies of "low dose" risk factors do not assume that individually exposed offspring will be severely handicapped from these low dose exposure levels; rather we evaluate statistically whether groups of exposed offspring function differently from nonexposed groups. In behavioral teratology studies, we predict a dose-response relationship with increasing effects at higher doses.
Questions Addressed
Now we examine the findings from this trilogy of papers in terms of the three questions to which these analyses have been addressed. Then we discuss these results in light of current principles of behavioral teratology, other risk-assessment studies with children, and recent neuropsychologic correlates of learning disability. Finally, we speculate on possible long term consequences of these alcohol-related neurobehavioral deficits.
1. What patterns of alcohol scores best predict neurobehavioral effects in 7-year-old children?
Binge scores of prenatal alcohol exposure emerge as the most consistent predictors of neurohehavioral effects upon both the four blocks of Part II and the eight blocks reported here. ADOCC (average drinks per occasion), MAX (maximum drinks per occasion), and the BINGE score (ever drinking 5 or more drinks on one occasion within the designated time period) were better predictors of neurobehavioral effects than either the frequency score MOCC (monthly occasion of drinking), or the average score AA (average ounces of absolute alcohol per day), particularly in the during pregnancy period. The systematically greater salience of the binge scores suggests that massed doses of alcohol are the most damaging to the fetus, so that even infrequent occasions of binge drinking can have lasting effects. Our f'mding accords with primate research showing neurohehavioral offspring effects from a weekly binge model of maternal drinking (6) and with recent rodent research showing that a given amount of alcohol was more damaging when administered in a binge pattern than in regular doses once or twice daily (15) .
The PLS analysis also permits us to ascertain the relative salience of the two periods of exposure for these outcomes. While, pattern by pattern, both P and D ratings are associated with neurobehavioral effects, the associations with the P scores are usually the stronger. This suggests that while drinking during either period may be deleterious, the association of neurobehavioral deficits with early first trimester drinking is stronger (the period here referred to as "prior to pregnancy recognition"). This is in keeping with earlier findings from this project (36) and other epidemiologic studies of prenatal alcohol effects on birthweight (19) and sleep disruption (32).
2. What patterns of neurohehavioral deficits are associated with prenatal alcohol exposure?
The PLS analyses in Part II revealed a pattern of neurobehavioral deficit spanning memory, problem solving (arithmetic), and attention/impulsivity. These decrements were observed in three separate settings: on standardized IQ and achievement tests, on a laboratory vigilance task, and by teachers in the classroom. Part III showed similar findings with respect to a large group of neuropsychologic tests. Here, prenatal alcohol was most strongly related to memory, susceptibility to distraction, perceptual motor functioning, and to flexibility and organization in problem solving. Altogether, these alcohol-related deficits were observed across a broad band of neuropsychologic tasks, under a variety of conditions (classroom, computer lab, and clinical testing situations), and according to the records of three independent observers (psychometrist, computer lab examiner, and classroam teacher).
Deficits of memory and attention were also not limited to one modality, but were observed on the WISC-R as auditory memory deficits (Digit-Span); on the Children's Memory Task as both spatial memory deficits (difficulty drawing designs from memory) and verbal memory deficits; on the Seashore Rhythm Test as decrements in recall of rhythmical patterns; on the computerized vigilance test as impulsive errors on a visual attention task; and on perceptual-motor tasks as process errors. Children who were relatively more exposed also performed more poorly on TPT Memory and TPT Location, which require nonvisual, tactile identification and recall of the spatial relationship of threedimensional forms. Alcohol-related arithmetic decrements were observed on both intelligence and achievement tests. Impulsivity was observed both in the vigilance laboratory (increased errors of commission on the AX task) and by classroom teachers. Just as the PLS analyses allowed us to rank the diverse alcohol measures by their salience for predicting these outcomes, so it provided saliences for each neurohehavioral score according to its predictability by the net alcohol latent variable.
Verbal tasks [such as vocabulary and comprehension subtests from the WISC-R (Part IlL spelling accuracy from the WRAT-R (Part II), and Animal Naming, a measure of verbal fluency (Part III)] are not as strongly associated with prenatal alcohol exposure as are the perceptual-motor, memory/attention outcomes. The verbal component of the Children's Memory Test is not as strongly related to alcohol as the Memory for Designs or Copy Designs component (see Table 1 ). This finding is congruent with the evaluation of this same cohort at 4 years of age (39) . At that time, PIQ (Performance Scale IQ) was more substantially associated with prenatal alcohol exposure than was VIQ (Verbal Scale IQ). Likewise, fine motor/neuropsychologic functioning was also associated with prenatal alcohol exposure in this cohort at four years of age (2) . At eight months of age, the same findings had emerged on the Bayley Psychomotor Development Index (37) .
The association of prenatal alcohol with attention deficits has been observed previously with this cohort at earlier ages, and in other studies as well. As neonates, alcohol-exposed offspring functioned more poorly on an attentional task of habituation from the Brazelton Neonatal Behavioral Scale (35) . When confronted with redundant stimuli (either auditory or visual), exposed neonates took longer to "tune out" the redundant stimuli and to stop responding. Another study found poorer performance on visual recognition memory at four months to he associated with prenatal alcohol exposure (14) . Two separate studies, one upon the present sample, have shown poorer attention at four years to he associated with prenatal alcohol exposure (17, 41) , as did our earlier analysis of the 7-year attention data by a regression method (40) .
3. To what degree are these alcohol-related deficits modified by covariates?
In Part II (30) we described two methods of adjusting a PLS analysis for concomitant pre-and postnatal determinants of the same outcomes affected by alcohol. For all four of the outcome latent variables described in Part II (IQ, Achievement, Classroom Behavior, and Vigilance), the best single predictor is father's education. Our alcohol latent variable remains a significant predictor of these outcomes even after considering this stronger effect: that is, the partial correlation of the alcohol latent variable and each outcome, adjusting for paternal education, is still significant. The other covariates have very little additional effect on these partial correlations either separately or together. Other prenatal exposures (smoking, marijuana, for example) are not significant correlates of the neurohehavioral latent variables correlated with alcohol, and so cannot alter our assessment of the alcohol effect.
Although no drug interactions were found between alcohol and other prenatal exposures, certain postnatal environmental interactions were observed. As noted in Part II, the alcohol effects on the IQ latent variable are somewhat stronger in families with poorly educated parents or families with larger numbers of older children. The alcohol effects on the Classroom Behavior latent variable appeared stronger in families in which the child was born to an unmarried mother. Similarly, a significant interaction indicated greater alcohol effects on the neurobehavioral latent variable summarized here in Table 2 for families with larger numbers of older children. Thus, the effects of alcohol upon the 7-year-old child may be exacerbated by certain postnatal environmental conditions and ameliorated by others. We had not found such interactions in studies of this cohort as younger children; perhaps it takes 7 years for the ameliorations or exacerbations due to environment to accumulate.
The fact that parental education is the strongest predictor of childhood learning and behavioral disorders is not surprising. This finding has been reported many times before [e.g., (25, 47) ]. What is of more interest here is that the effects of alcohol remain substantial (significant) even after these other well-known social/ environmental variables have been adjusted for as covariates in the present analyses. Likewise, larger family size has previously been associated with poorer child outcome, particularly learning disabilities [e.g., (1, 3, 8) ]. Of particular interest here is the interaction of prenatal alcohol with larger family size. That prenatal injury is subject to postnatal environmental modification is one of the tenets of behavioral teratology (44) .
Finally, we note that the effect of covariate adjustment on the alcohol-neurobehavioral latent variable relationships was substantially greater for the standardized tests examined in Part II of this series in contrast to the neuropsychological tests analyzed in Part 11I. Specifically, we saw that covariate adjustment in Part il reduced the magnitude of the latent variable correlation for the comprehensive two-block analysis from -.24 to -. 12, while in Part II1, covariate adjustment had negligible effect, changing the correlation only from about -.32 to -.30. The greater resistance of neuropsychologic tests to sociodemographic influences is of considerable interest. Neuropsychologic tests are designed to measure the processes of brain functioning rather than the products, and thus may provide more sensitive measures of the long-term consequences of prenatal exposures than IQ and achievement tests.
Relationship of Findings to Neurobehavioral Teratology in General
In formulating this research design, we drew heavily on the senior author's observations of children with Fetal Alcohol Syndrome (FAS) across the life span (34) . As FAS is a birth defect caused by maternal alcohol abuse during pregnancy, we thought that more moderate levels of prenatal alcohol exposure might be associated with effects similar to those found in latency-age children with FAS, but milder: this is, of course, an example of the dose-response tenet of teratology (4.4,50) . The tests we assembled were intended both to tap attentional and memory problems across a variety of modalities and settings and to assess the traditional dimensions of intelligence and achievement. As we expected, the effects of alcohol upon behavior in any of these settings are similar to, but less severe than, those which characterize children with a diagnosis of FAS. Broadly summarized, these include attentional and memory problems, distractibility, impulsivity, and problems with organization, persistence, cooperation, and flexible problem solving.
Similar results have been observed in animal models of alcohol teratogenesis, including hyperactivity, learning deficits, and response-inhibition deficits. [See (21, 26, 45) for recent reviews.] Of particular interest have been two recent studies showing spatial-learning deficits in rodents prenatally exposed to alcohol (4, 12) . A number of animal studies have suggested that prenatal alcohol exposure particularly damages the hippocampal area of the brain (15, 16, 26, 49) . Similarities between the behavior of hippocampal-damaged rodents and that of pups prenatally exposed to alcohol has led to some speculation (21, 26) that, in fact, the hippocampal effects mediate the behavioral deficits.
While some of the behavioral deficits observed in the present study could result from hippocampal damage, there is no reason to suspect that this is the only affected site. There is, in fact, little evidence from human FAS studies that prenatal alcohol damage is localized only in one part of the brain. Autopsy reports on deceased patients with FAS have shown widespread anomalies, many of which may be associated with disruption in the migration and integration of neural and glial cells during embryogenesis (5) .
The findings from our present study of long-term effects of prenatal alcohol are in keeping with the broader behavioral teratology and behavioral toxicology literature, which indicates that neurobehavioral outcomes are sensitive indicators of "lowdose" toxicologic or teratogenic effects. The classic lead-toxicology study by Needleman and colleagues (23) found dosedependent relationships between lead and some of the outcome measures used in the present study, such as the Seashore Rhythm Test, WISC-R subtests, including Digit Span, and negative classroom behaviors as rated by teachers (particularly distractibility, disorganization, and difficulty following directions). Studies on another established behavioral teratogen, methyl mercury, show some interesting parallels to our study. Not only does prenatal mercury produce a diffuse pattern of lesions, but the birth defect known as Minamata disease points up the dramatic discrepancy between the vulnerability of the adult compared to the embryo, fetus and child. Mothers exposed to mercury at doses high enough to produce Minamata disease in their offspring, with accompanying severe and lifelong mental and neurologic defects, did not themselves sustain serious sequelae of mercury exposure (45) . The same could be said for alcohol. In this study, for example, less than 1% of the mothers reported any problems (medical, social, occupational, or legal) with alcohol. Thus we see that what mothers perceived to be nonproblem social drinking had long-lasting subtle effects on offspring.
Implications of the Neuropsychologic Findings
The results from the present study fit comfortably with other recent studies of early childhood neuropsychologic deficits having a known etiology, such as birth trauma and anoxia (13) , head injuries (18) , seizure disorders (9), meningitis and other brain diseases (43) , and side effects of central nervous system prophylaxis for childhood leukemia (20, 22) . These studies have all suggested that such brain insults produce effects across a wide range of neuropsychologic and cognitive functions, and that the earlier the insult, the more severe are the sequelae. One might speculate, then, that sequelae of a prenatal insult would be observed across a wide array of behavioral and performance tasks, such as found in the present study. The pattern of WlSC-R subtest performance deficits (Digit Span, Arithmetic, and to a lesser extent, Block Designs), observed in Part II (30) , is the same as the pattern of performance deficits reported in follow-up studies of other types of early CNS insult such as meningitis (43) or closed head injury (18) . Similar neuropsychologic performance deficits have also been reported in patients receiving CNS prophylaxis for acute lymphocytic leukemia (11) even in the absence of low IQ scores (20, 22) or CAT scan abnormalities (10) . In these studies as well as our alcohol studies, this pattern of performance deficits occurs even in the presence of above average IQ. That is, the pattern of performance decrements is a more sensitive indicator of CNS insult than is the full-scale IQ by itself. Such findings strongly support our decision to analyze individual scores rather than aggregating them into conventional summary scores.
Several tests were unrelated to the outcome latent variable defined by prenatal alcohol exposure. Of particular interest is the Animal Naming Test from the Boston Aphasia Screening Battery. Absence of findings on this task (and similar rapid-naming tests) has been noted in several other studies of brain injury sequelae, particularly those with a primarily right hemisphere or nonlanguage pattern of deficits [e.g., (7, 46) 1. The Memory for Faces Test was included because in adults it has been sensitive to hippocampal lesions. However, the task was somewhat difficult for these young children and problems with administration may have decreased its sensitivity. Attempts to derive additional scores were apparently unsuccessful (Faces Chosen, Faces Correct/Faces Chosen, Faces Correct-Faces Chosen).
The persistent pattern of arithmetic decrement (across both the WISC-R and the WRAT-R) relative to language tasks is particularly interesting and may have clinical implications warranting further investigation. This same pattern of academic performance (arithmetic more affected than reading) has been observed in earlier studies of children with Fetal Alcohol Syndrome and children of alcoholic mothers (34) , although, of course, the level of performance was lower in the latter studies in keeping with the dose-response tenet of behavioral teratology (44, 50) . While the present study examined only group effects, one cannot help speculating on the possible relationship between this pattern of group decrements and the pattern of individual deficits described by Strang and Rourke (33) as "Specific Arithmetic Disability." Children with this pattern of disability also have poor visual perceptual organization, including difficulty with speeded eyehand coordination and tests of motor steadiness [in particular, performance on the Wisconsin Fine Motor Steadiness Battery, on which our cohort also did poorly at their 4-year exam (2)]. More recently, Rourke (27) has termed this pattern of neuropsychologic deficits "nonverbal learning disability" and noted accompanying hyperactivity and emotional disturbance. Children who exhibit this pattern of central processing abilities are particularly at risk for psychopathology as adolescents (28, 33) . Our studies indicate that the long-term neurobehavioral consequences of prenatal alcohol exposure are not attenuating with age. Further evaluation of this cohort in adolescence is presently under way.
CONCLUSIONS
The pattern of childhood neurobehavioral deficit demonstrated in this study reveals the diverse, lasting, and statistically significant effects of prenatal alcohol exposure on subtle measures of attention, memory, and cognitive processing in school age children. We believe that these functional deficits represent the sequelae of CNS perturbation during embryonic and fetal development. The pattern of correlations between the alcohol exposure measures and these deficits suggests that drinking prior to recognition of pregnancy is the more critical time for these effects and that the drinking pattern most detrimental to the developing nervous system is the binge pattern. The observed effects cannot be attributed to any of a wide variety of prenatal and postnatal covariates that also affect offspring development. The findings from both parts of the present study [this paper and (30) ] are consistent with findings from this same cohort at earlier ages (37, 42, 44) . While animal studies can explicitly examine brainbehavior relationships in the absence of the many possible mediating influences that must be confronted in human studies, the congruent findings across both human and animal domains strengthens our conclusions regarding the neuroteratogenic effects of prenatal alcohol. We believe we have demonstrated how a broad battery of neurobehavioral tests and measurements may detect subtle but long-lasting sequelae of teratogenic exposure at levels generally too low to produce physical signs in the offspring. The statistical technique of Partial Least Squares serves very well in studies of the pattern of relationship between such sets of neurobehavioral outcome measures and the diverse measurements of teratogenic exposure on which they may depend. Further examination of this cohort will reveal the consequences of these subtle neurobehavioral deficits for social, emotional, and academic functioning during adolescence. 
